Transformation of Escherichia coli with purified plasmids containing DNA damage is frequently used as a tool to characterize repair pathways that operate on chromosomes. In this study, we used an assay that allowed us to quantify plasmid survival and to compare how efficiently various repair pathways operate on plasmid DNA introduced into cells relative to their efficiency on chromosomal DNA. We observed distinct differences between the mechanisms operating on the transforming plasmid DNA and the chromosome. An average of one UV-induced lesion was sufficient to inactivate ColE1-based plasmids introduced into nucleotide excision repair mutants, suggesting an essential role for repair on newly introduced plasmid DNA. By contrast, the absence of RecA, RecF, RecBC, RecG or RuvAB had a minimal effect on the survival of the transforming plasmid DNA containing UV-induced damage. Neither the presence of an endogenous homologous plasmid nor the induction of the SOS response enhanced the survival of transforming plasmids. Using two-dimensional agarose-gel analysis, both replication-and RecA-dependent structures that were observed on established, endogenous plasmids following UV-irradiation, failed to form on UV-irradiated plasmids introduced into E. coli. We interpret these observations to suggest that the lack of RecA-mediated survival is likely to be due to inefficient replication that occurs when plasmids are initially introduced into cells, rather than to the plasmid's size, the absence of homologous sequences, or levels of recA expression.
INTRODUCTION
Transformation of cells with plasmids containing DNA damage is one approach that has been frequently used to characterize cellular repair pathways in both prokaryotic and eukaryotic systems (Bichara et al., 2007; Bichara et al., 2009; Kucherlapati et al., 1984; Roberts and Strike, 1981; Saffran and Cantor, 1984; Schmid et al., 1982; Strike et al., 1979; Wang et al., 2001) . UV irradiation of Escherichia coli causes the formation of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts in DNA that can block polymerases and prevent replication of the genome (Setlow et al., 1963) . A number of repair and tolerance pathways are known to contribute significantly to survival in the presence of UV-induced lesions on the chromosome. Nucleotide excision repair removes these lesions from the genome reducing the frequency that replication encounters this type of damage, and contributes significantly to cell survival Courcelle et al., 2005; Courcelle et al., 2006) . In the absence of repair, translesion polymerases can incorporate bases opposite to the damage that would otherwise prevent replication from being completed (Bagg et al., 1981; Courcelle et al., 2005; Courcelle et al., 2006) .
Under most conditions, these polymerases have only modest effects on survival, but can have large effects on the frequency of mutagenesis (Bagg et al., 1981; Courcelle et al., 2006; Radman, 1975) . A large number of these processing events are dependent on RecA, and the absence of the protein renders cells hypersensitive to UV irradiation Courcelle et al., 2003; Keller et al., 2001; West, 1996) .
RecA along with several RecF-pathway proteins are involved in processing replication forks that encounter DNA damage and are required for replication to resume (Courcelle et al., 1997; Courcelle et al., 2003) . In addition, RecA along with RecBCpathway proteins are needed to repair double-strand break intermediates that arise following several forms of DNA damage (Chow and Courcelle, 2007; Keller et al., 2001; Willetts and Clark, 1969) . Strand exchange and Holliday junction intermediates that form during these RecA-mediated events are processed and resolved by the RuvABC and RecG resolvases (Donaldson et al., 2004; Lloyd and Sharples, 1993; Lloyd, 1991; West, 1996) . Mutations inactivating recBC, recF, ruvABC, or recG reduce cellular resistance to UV-irradiation to varying degrees (Courcelle et al., 1997; McGlynn and Lloyd, 2001; McGlynn and Lloyd, 2002; West, 1996; Willetts and Clark, 1969) .
Plasmids used to transform chemical-or electro-competent E. coli are taken up as doublestrand circular DNA. Typically, in assays using plasmid transformation, the purified plasmid DNA is exogenously exposed to a damaging agent and then introduced into cells to monitor plasmid survival, DNA repair, or replication using various conditions and mutants. However, quantifying the effect that DNA damage has on plasmid survival can be challenging. Transformation frequencies can vary several-fold between experiments due to small variations in competent cell preparations, DNA-to-cell ratios, temperature, heat shock duration, or recovery times prior to selection (Froger and Hall, 2007; Norgard et al., 1978; Roychoudhury et al., 2009; Yoshida and Sato, 2009 ). In addition, several mutants, including recA and recBC, are known to affect the cell's ability to take up or maintain plasmids, making it difficult to directly quantify and compare plasmid survival in different strains (Bassett and Kushner, 1984; Biek and Cohen, 1986; Summers and Sherratt, 1984) .
A number of reports have suggested that differences exist between the repair pathways that operate on transforming plasmids and chromosomal DNA, but the underlying mechanism and overall conclusions have varied greatly between studies. A series of early studies by Roberts and Strike introduced UV-irradiated plasmids and found that plasmid survival depended on UvrA and RecBC, but not on RecA or RecF, irrespective of whether a homologous plasmid was present (Roberts and Strike, 1981; Roberts and Strike, 1986; Strike and Roberts, 1982; Strike et al., 1979) . In contrast, a set of more recent studies reported that survival of transforming plasmids containing bulky adducts depended on both RecA and RecF function and required the presence of a homologous plasmid (Bichara et al., 2007; Bichara et al., 2009) . However, an earlier study involving authors from this same group reported that RecA did not significantly contribute to survival of plasmids containing bulky lesions (Schmid et al., 1982) . Another group using a similar approach to characterize repair of interstrand DNA crosslinks observed that a lack of RecA did not affect survival of transforming plasmids and concluded that recombinational processes may not be involved in repairing these lesions (Berardini et al., 1997; Berardini et al., 1999) . In subsequent work, it was noted that recA mutants were hypersensitive to crosslinking agents and the authors speculated that a lack of homology to the plasmid might account for the observed differences between the plasmid and chromosome (Berardini et al., 1999) . All of these studies utilized plasmids containing ColE1-type origins, making it unlikely that differences in replication origins could account for the observed variation in results. However, each of these studies relied on the introduction of a single, damaged plasmid into different preparations and strains of competent cells to draw conclusions about which proteins or pathways were important for survival. In some cases, damaged and undamaged plasmids were required to be prepared separately. Thus, some of the discrepancies between studies could be due to either variations in DNA concentrations, cell preparations, or inherent competency of cells from different genetic backgrounds.
In light of these issues, we developed an assay that utilizes a control plasmid to normalize for variations in transformation efficiencies between different experiments and strains. We then used this assay to quantify the relative contribution that various repair pathways have on the transforming plasmid's survival. We found that only nucleotide excision repair, but not RecA, RecF, RecBC, RecG or RuvAB, contributes to the survival of transforming plasmids containing UV-induced lesions. Using two-dimensional agarose gel analysis, we observed that both replication-dependent and RecA-dependent processing intermediates are observed on established plasmids replicating endogenously, but not on plasmids that have been newly introduced into competent cells. Homology or SOS induction did not enhance the survival of transforming plasmids containing UV damage in the presence of RecA. Based on these observations, we infer that the inability of RecA-mediated pathways to operate is most likely due to inefficient replication of plasmids when they are initially introduced into cells, rather than to other aspects such as the plasmid's size, the absence of homology, or levels of recA expression.
MATERIALS AND METHODS

Strain Construction
The strains used in this work are presented in Table 1 . All strains were derived from the parental strain ER1793 (New England Biolabs) using standard P1 transduction.
A gene replacement of polB was constructed using the recombineering strain DY351 (Yu et al., 2000) . The tetracycline resistance cassette was inserted into polB using primers polBFtetF and polBR-tetR, 5′CAAGCCTGGTTTTTTGATGGATTTTCAGCGTGGCGCAGGCACTCGACATCTT GGTTACCG and 5′TTGCTCAAAATAGCCCAAGTTGCCCGGTCATAAGTGTAGCCAAGAGGGTCATT ATATTTCG, respectively, to amplify the tet R cassette from Tn10. The PCR product was used to transform DY351 to generate CL1016 (polB::tet,). CL1317 (ER1793 polB::tet) was constructed by P1 transduction of the polB::tet allele from CL1016 into ER1793.
A gene replacement of sulA was constructed using the recombineering strain DY329 (Yu et al., 2000) . The chloramphenicol resistance cassette flanked by FRT sequences was inserted into sulA using primers sulA-frtFOR and sulA-frtREV, 5′CTGTACATCCATACAGTAACTCACAGGGGCTGGATTGATTGTGTAGGCTGGAG CTGCTTCG and 5′TGGGCGACAAAAAAAGTTCCAGGATTAATCCTAAATTTACCATATGAATATCC TCCTTA, respectively, to amplify the frt-cam-frt cassette from pKD3 (Datsenko and Wanner, 2000) . The PCR product was then used to transform DY329 to generate CL1922 (sulA::frt-cam-frt). CL1919 (ER1793 sulA::frt-cam-frt) was constructed by P1 transduction of the sulA::frt-cam-frt allele from CL1922 into ER1793. CL1921 (ER1793 sulA::frt-camfrt lexA71::Tn5) was constructed by P1 transduction of the lexA71::Tn5 allele from HL940 into CL1919. To generate a markerless sulA mutant, CL1923 (ER1793 sulA::frt lexA71::Tn5), the helper plasmid pCP20 (Cherepanov and Wackernagel, 1995) was introduced into CL1921 and FLP recombinase expression was induced to eliminate the chloramphenicol resistance cassette as described previously (Datsenko and Wanner, 2000) .
Transductants were verified following selection with the appropriate antibiotic and by their sensitivity to UV irradiation when appropriate. Antibiotics were used at the following concentrations: Ampicillin 100 μg/mL, Chloramphenicol 20 μg/mL, Kanamycin 30 or 70 μg/mL, Tetracycline 16 μg/mL.
Plasmids
pBR322, pBluescriptII SK (pSK+) and the pBluescriptII KS (pKS+/−) vectors confer resistance to ampicillin and have been described previously (Alting-Mees et al., 1992; Watson, 1988) . pBluescript BC SK+ (pBC, Fermentas) contains a chloramphenicol marker. pET30 (Novagen) contains a kanamycin resistance cassette.
Plasmid Purification and Irradiation
All plasmids used in this study were prepared and purified from JM109 cells using the Eppendorf Fastplasmid Mini kit and then gel purified (0.5X TAE, 0.5% Agarose, 0.3 μg/mL ethidium bromide ran at 1.5V/cm) to obtain supercoiled circular DNA. For survival experiments, 1 μg of purified plasmid in TE was UV irradiated at the indicated dose, using a Sylvania 15 W germicidal light bulb (254 nm) at an incidence rate of 0.9 J/m 2 /s. For all experiments, an equal molar amount of unirradiated, purified plasmid (pBC) was mixed with the UV-irradiated plasmids prior to the transformation analysis.
Preparation of Competent Cells and Transformation
Fresh overnight cultures of each strain were diluted 1:100 in 50 ml of Luria-Bertani medium (LB) and grown to an OD 600 of 0.4. Cells were then pelleted, washed with 50 ml of 80 mM MgCl 2 , 20 mM CaCl 2 solution, repelleted and then resuspended in 1 ml of 100 mM CaCl 2 and 10% glycerol. Cells were stored at −80°C until needed.
Competent cells that were induced for the SOS response were prepared by irradiating the culture with 20 J/m 2 UV light, and allowing the culture to recover at 37°C for 20 min before cells were pelleted and prepared using the protocol described above.
To measure transformation frequency of damaged plasmids, a single mixture of UV-lesion containing pKS or pBR322, was mixed with undamaged pBC in a 1:1 molar ratio. This same mixture was then used to transform wild-type cells and all mutants to be compared. For transformation, 200 μl competent cells were thawed on ice, mixed with 10 ng of the pKS/ pBC plasmid mixture and heat shocked at 42°C for 90 sec. The mixture was then returned to ice for 1-2 min before 800 μl of fresh LB was added and the mixture was incubated at 37°C for 30 min. At this time, cultures were serially diluted and duplicate 100-μl aliquots were spread on LB plates containing ampicillin (100 μg/ml) or chloramphenicol (20 μg/ml). Plates were incubated overnight at 37°C before the number of surviving colonies on each plate was counted. The ratio of ampicillin-resistant colonies to chloramphenicol-resistant colonies was then determined for each mutant and compared to wild-type cultures.
Quantification of Induced DNA Damage
Lesion frequency on plasmids was measured by sensitivity to T4 endonuclease V (TEV, Epicentre), which cleaves DNA at sites containing cyclobutane pyrimidine dimers, generating a single strand nick. 20 U of TEV was added to 1 μg of purified, irradiated or unirradiated plasmid DNA in 25 μl TE buffer and incubated at 37°C for one hour. Reactions were stopped by the addition of an equal volume of chloroform and the DNA was separated on a 0.7% agarose gel containing ethidium bromide. Supercoiled plasmids containing lesions were thus converted to a nicked, open circle conformation that can be resolved on an agarose gel. For each dose, the number of lesions per plasmid molecule was then calculated from the fraction of plasmids that remained lesion free (the zero class), based on the Poisson expression, P (0 lesions) = −ln (n), where n represents the average number of lesions per plasmid.
Two-dimensional Agarose Gel Electrophoresis
For transformation experiments, electrocompentent cells were prepared by growing cultures in 50 ml LBthy media to an OD 600 of 0.6 before they were washed 4X with ice-cold water and resuspended in 500 μl of ice-cold 10% glycerol. 40 μl of cells were then transformed via electroporation with 500 ng of pBR322, washed with 1 ml of LB media, pelleted, resuspended in 1 ml LB media, and allowed to recover at 37°C. During the recovery, 0.15-ml aliquots of the transformed cell culture were taken at the indicated times and transferred to 0.75-ml ice-cold NET buffer (100 mM NaCl, 20 mM EDTA, pH 8.0, 10 mM Tris, pH 8.0).
For experiments with cells containing an endogenous pBR322 plasmid, cultures were grown overnight in Davis medium supplemented with 0.4% glucose, 0.2% casamino acids (DGC), and 40 μg/ml each of histidine (his) and tryptophan (trp) in the presence of 100 μg/ml ampicillin. 0.2 ml of the overnight cultures were pelleted and resuspended in 20-ml DGC medium supplemented with his and trp in the absence of ampicillin and grown in a 37°C shaking water bath to an OD 600 of 0.5. At this time, cultures were irradiated with 55 J/m 2 of UV light, which produces an average of 1 lesion per strand of the plasmid, and allowed to recover at 37°C. At the times indicated, a 0.75-ml aliquot of culture was removed and transferred to an equal volume of NET buffer.
To purify genomic and plasmid DNA, cells were pelleted, resuspended in 0.15 ml of lysis buffer (1.5 mg/ml lysozyme, 0.5 mg/ml RNAseA in 10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0) and incubated at 37°C for 30 min. Then, 10 μl each of 10 mg/ml Proteinase K and 20% Sarkosyl was added to the samples and returned to 37°C for 30 min. Samples were then extracted with 4 volumes of phenol:chloroform (1:1), followed by an extraction with 4 volumes of chloroform, dialyzed against 200 ml of TE (2 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0) for one hour on a floating 47-mm Whatman 0.05-μm pore disk, and digested with PvuII (Fermentas) overnight at 37°C. Samples were extracted with an equal volume of chloroform and loaded directly onto a gel.
Genomic DNA was separated initially on a 0.4% agarose gel in 1X TBE at 1 V/cm for 15 h. For the second dimension, lanes were excised from the gel, rotated 90°, recast in a 1% agarose gel in 1X TBE and electrophoresed at 7 V/cm for 6 h. DNA in the gels was transferred to Hybond N+ (GE BioSciences) membrane using standard Southern blotting protocols. The plasmid DNA was detected by probing with 32 P-labeled pBR322 that was prepared using nick translation (Roche) and visualized using a Storm 840 phosphorimager (GE Biosciences) and its associated ImageQuant analysis software.
RESULTS
Several RecA-mediated pathways that contribute to cell survival after UV irradiation do not contribute to survival of UV-irradiated plasmids introduced into competent cells
To characterize the repair pathways that operate on transforming plasmid DNA, we employed an assay in which the survival of plasmids containing DNA damage could be compared directly between different strains and transformation experiments (Fig. 1) . In this assay, a mixture containing equal molar amounts of a UV-irradiated plasmid (pBR322 or pKS, as indicated) and an undamaged control plasmid (pBC) were used to transform wild-type and various mutant cells. Duplicate aliquots of each transformation were then plated on both ampicillin and chloramphenicol media. Survival of the damaged plasmid in each mutant was determined by calculating the ratio of surviving UV-damaged plasmids (Amp R colonies) to undamaged control plasmids (Cam R colonies). The inclusion of the second, undamaged plasmid served to normalize for differences in the transformation frequency due to genetic mutations that affect DNA uptake and maintenance as well as to control for variations between experiments due to cell competence, DNA-cell concentrations, or heat shock durations (Berry and Kropinski, 1986; Dower et al., 1988 ).
We used ER1793, which lacks the two restriction endonucleases encoded by the E. coli genome, as our parental strain. Isogenic mutants in genes known to be involved in processing UV-induced damage on the chromosome were then constructed in this background. For the purpose of comparison to the plasmid assay, the survival of each strain relative to the parental strain is shown following irradiation with 25 J/m 2 ( Fig. 2A) . In strains lacking UvrA, RecA, RecF, RecBC, RuvAB, or RuvC, cell survival was reduced by greater than two orders of magnitude relative to wild-type cells after a dose of 25 J/m 2 . In recG mutants, survival was more than one order of magnitude lower relative to wild-type cells. At this dose, an average of 1 lesion per 10-kb DNA strand is induced ( (Courcelle et al., 2003) and Fig. 3A ) and approximately 70% of wild-type cells survive to form colonies.
To measure the survival of introduced plasmid DNA in these strains, a purified preparation of pBR322 was UV-irradiated with 110 J/m 2 . This dose produces an average of 2 lesions per plasmid strand ( (Courcelle et al., 2003) and Fig. 3A ). The irradiated plasmid was then mixed with an equal amount of a purified preparation of undamaged pBC plasmid and 20 ng of this mixture was then used to transform each strain, as described above. Based on the ratio of transformants obtained when selecting for single or double antibiotic resistances, less than 5% of the transformants received both plasmids. In addition, at the DNA concentrations used, the overall transformation frequency was typically in the range of <1 transformant per 1000 colony-forming units (cfu). These transformation frequencies suggest that cells generally received only a single plasmid and argue that plasmid incompatibility or homology-based repair processes would not affect plasmid survival rates.
When transformation efficiency was normalized to the undamaged control plasmid, we observed that the survival of plasmids containing UV-induced damage in recA mutants was similar to that in wild-type cells (Fig. 2B) . By contrast, in uvrA mutants, which are deficient in nucleotide excision repair, plasmid survival was reduced by approximately 2 orders of magnitude relative to the parental strain. Consistent with the results described above, the absence of other RecA-dependent repair processes also did not contribute to the survival of plasmids containing UV-induced damage. UV-irradiated plasmids introduced into recF, recJ, recQ, or recBC mutants survived as well as those introduced into the parental strain (Fig. 2B) . Similarly, plasmid survival was also unaffected by mutations inactivating RecG, RuvAB or RuvC (Fig. 2B) .
No effect on plasmid survival was observed in the absence of any single translesion DNA polymerase gene, umuC, polB or dinB. However, of the translesion DNA polymerase genes, only UmuC contributes to cell survival after high doses of UV . Similar results were obtained when survival of UV-irradiated Phi X 174 was examined following infection of wild-type, uvrA and recA cells (data not shown). Taken together, these results suggest that nucleotide excision repair, but not recA-mediated processes contribute to the survival of introduced DNA containing UV-induced damage.
UvrA is nearly essential for survival of plasmids containing UV-induced damage following transformation
To further characterize the role of nucleotide excision repair and recA-mediated pathways in processing introduced DNA, we examined the survival of plasmids over a range of UV doses. To this end, aliquots of a purified plasmid preparation of pKS+ were either mock irradiated or irradiated with 40, 80, 160 or 240 J/m 2 of UV to produce an average of 0, 1, 2, 4 and 6 CPDs on the 3-kb plasmid, respectively. The lesion frequency was confirmed by treating the irradiated samples with T4 endonuclease V (TEV), which incises DNA at sites containing CPDs. Following incision by TEV, supercoiled plasmids containing UV lesions are converted to a relaxed open circular conformation that can be monitored in an agarose gel (Fig. 3A) . The UV-irradiated plasmid preparations were then mixed with an unirradiated control pBC plasmid and the mixture was used to transform a set of wild-type, recA, or uvrA cultures as described above. As shown in Fig. 3B , the survival of UV-irradiated plasmids in recA mutants (filled bar) was similar to wild-type cells up to doses of 160 J/m 2 . By comparison, plasmid survival in uvrA mutants (unfilled bar) decreased relative to survival in wild-type cultures as the lesion frequency increased.
To assess plasmid survival within each strain as a function of UV dose, we also plotted plasmid survival relative to the survival of a mock-irradiated plasmid in each strain. Because we are not comparing survival to wild-type cultures, this type of analysis does not control for differences in transformation efficiencies that may exist between strains. However, the use of the undamaged control plasmid still normalizes for differences in transformation efficiencies that occur between experiments and allows one to determine how survival is reduced within each strain as a function of UV dose. By this type of analysis, plasmid survival in wild-type cells decreased linearly as the number of lesions on the plasmid increased over the doses we examined (Fig. 3C) . In recA mutants, plasmid survival decreased at the same rate as that observed in wild-type cells. The lack of any RecA dependence on plasmid survival across the range of doses examined argues that the observed effect is not a result of the lesion frequency being below or beyond the capacity of RecA pathways to operate.
In contrast to recA cultures, plasmid survival in uvrA and recA uvrA mutants decreased more rapidly than wild-type cultures as the UV dose increased. At each dose examined, the percent plasmid survival was approximately equal to the fraction of plasmids that, by chance, remained lesion-free within the UV-irradiated samples (compare Figs. 3A and 3C ). The result indicates that when lesions are present on the newly introduced DNA, nucleotide excision repair is nearly essential for survival. Other mutants that were examined, including recBC, recF and umuC, did not exhibit dose-dependent hypersensitivity to UV-induced damage on plasmid DNA (data not shown), consistent with the idea that other RecAdependent processes are not contributing to plasmid survival.
RecA-dependent processing intermediates are observed on endogenously replicating plasmids, but not when plasmids are first introduced into cells
The inability of RecA-mediated pathways to contribute to survival of transforming plasmid DNA may be due either to the plasmid's small size, its structure, or some aspect associated with the transformation process. To differentiate between these possibilities, we compared the processing intermediates observed on newly introduced plasmids following transformation to those observed on established, endogenously replicating plasmids using two-dimensional (2D) agarose-gel electrophoresis. This technique is able to differentiate and identify the structural properties of plasmids during repair and replication. To examine the structures induced on established, endogenous plasmids, cultures of E. coli containing the plasmid pBR322 were UV irradiated with 55 J/m 2 and then allowed to recover. To examine structures on newly introduced plasmids, purified pBR322 was first UV-irradiated with 110 J/m 2 and then used to transform competent preparations of E. coli. In both cases, samples were then taken at various times during the recovery period and total genomic DNA (plasmid and chromosomal) was purified. The genomic DNA was then digested with PvuII to linearize the plasmid at its unidirectional origin of replication and analyzed by 2D agarose-gel electrophoresis.
On endogenous plasmids in the absence of DNA damage, nonreplicating plasmid molecules migrate as a linear 4.4-kb fragment and form the prominent spot observed in this analysis. Replicating, Y-shaped molecules migrate more slowly due to their larger size and nonlinear structure and appear as an arc that extends out from the prominent nonreplicating spot (Fig.  4A and D) . In the presence of UV-induced DNA damage, a unique class of intermediates is transiently observed that migrates more slowly than the replicating Y-arc, forming a cone region. These intermediates represent molecules having four arms or two branch points and have been shown to be resolved at a time that correlates with repair of the lesion and resumption of replication (Courcelle et al., 2003) .
When we analyzed the structure of plasmids following transformation, we observed a distinct absence of both replicating structures and processing intermediates. We did observe a prominent 4.4 kb linear spot that corresponded to nonreplicating molecules (Fig. 4B) . To estimate the amount of plasmid DNA that was not taken up by cells but detected in these assays, non-transformed samples were also analyzed after plasmid DNA was simply mixed with competent cell preparations. Based on the amount of plasmid detected in these mocktransformed samples, more than 96% of the signal detected in the Southern analysis represents plasmids taken up by cells, suggesting that plasmids not taken up by cells were effectively removed from the media by the washing step before DNA was prepared from the culture (Fig. 4A) . To determine whether the lack of any observed intermediates was due to the presence of DNA damage on the transforming plasmid DNA, we also examined undamaged plasmids using the same approach and observed a similar lack of replication intermediates on plasmids newly introduced to competent cells (Fig. 4B ). These observations suggest that newly introduced plasmids do not replicate efficiently and therefore fail to generate replication intermediates associated with processing lesions at replication forks.
On established, endogenous plasmids, the formation of the transient UV-induced structural intermediates requires ongoing replication and depends on RecA. By contrast, the UVinduced intermediates fail to resolve in uvrA mutants when the lesions cannot be removed.
Thus, in these mutants, the intermediates are not transient but are seen to persist and accumulate. Similarly, in ruvAB mutants, which are unable to resolve these replication intermediates, the structures have been shown to accumulate, and go on to form higher order structures when other RecA-dependent processes are absent ( (Courcelle et al., 2003; Donaldson et al., 2006) and Fig. 4C ). Thus, if the transient nature of these intermediates prohibited their detection following transformation in wild-type cells, we reasoned that we should observe them in uvrA or ruvAB mutants where they are not resolved and continue to accumulate. However, as shown in Fig. 4C , when we examined the structure of newly introduced plasmids in each of these mutants, only nonreplicating linear fragments were detected in transformed uvrA, recA or ruvAB mutants. The lack of intermediate structures seen in these mutants argues that these replication-dependent processing events are not occurring at high frequencies following transformation.
We interpret these observations to be consistent with the idea that the inability of RecAmediated processes to contribute to survival is due to an aspect of the transformation process. The presence of RecA-dependent intermediates on endogenous plasmids argues against the idea that the plasmid is either too small or is otherwise inappropriate as a substrate for RecA-mediated processes to operate. The absence of any replication-associated structural intermediates on the newly introduced plasmids suggests that the plasmid replicates inefficiently when it is initially introduced into host cells and that this is likely to account for the lack of processing by RecA-mediated pathways.
SOS induction or plasmid homology does not enhance survival of the transforming plasmid DNA
Following DNA damage on the chromosome, RecA is upregulated as part of the SOS response (Radman, 1975; Sassanfar and Roberts, 1990 ). Thus, it is possible that higher levels of RecA expression are required to observe RecA-mediated survival or processing on the newly introduced UV-irradiated plasmids. To address this possibility, we constructed wild-type and uvrA mutants that lacked the LexA repressor, allowing constitutive expression of RecA and all other SOS-regulated gene products. We then examined pKS plasmid survival following transformation as a function of UV dose in each of these strains as described before. By this type of analysis, constitutive expression of recA and other SOSregulated genes had no effect on plasmid survival at any of the doses examined compared to their LexA+ counterparts (Fig. 5) , indicating that the inability of RecA-mediated processes to operate in transforming plasmid DNA is not due to the expression level of recA or other SOS-regulated genes.
A second possible reason that RecA-dependent survival is not observed on newly introduced plasmids is the lack of established homologous sequences in the cell at the time of transformation. In the case of endogenously replicating plasmids, the plasmid is present in multiple copies inside the cell. Thus, it is possible that RecA-dependent survival would increase significantly if homologous sequences were present inside the cell at the time of transformation. To test this possibility, we used a mixture of a UV-irradiated plasmid, pSK+, and control plasmid, pET30, to transform competent preparations of wild-type, recA, and uvrA cells that either contained no homologous plasmid, or contained an endogenous, homologous plasmid, pBC. The pBC plasmid is entirely homologous to the UV-irradiated pSK+ plasmid except for its antibiotic resistance cassette but is not homologous to pET30. As shown in Fig. 6 , the survival of UV-irradiated plasmids in uvrA cultures was reduced to the same extent regardless of whether or not cells contained the homologous plasmid and no RecA-dependent survival was observed. We interpret these results to indicate that the presence of homology does not limit the ability of RecA-mediated processes from operating on plasmids following transformation.
DISCUSSION
We demonstrate that distinct differences exist between the battery of repair processes that operate on newly introduced plasmids as compared to those that operate on established, endogenous plasmids or the chromosome. On newly introduced plasmid DNA containing UV-induced damage, nucleotide excision repair is nearly essential for survival, whereas RecA-mediated processes do not significantly contribute to survival. The presence of replication and processing intermediates on endogenous plasmids, but not on newly introduced plasmids suggests that the lack of RecA-mediated processing is due to inefficient replication when plasmids are initially introduced into cells, rather than to other aspects such as the plasmid's size, the presence of homology, or levels of RecA expression. Delayed or inefficient replication of the plasmid would allow more time for lesion repair to occur, obviating the need for RecA-mediated processing of arrested replication forks, as originally postulated by Strike and Roberts (Strike and Roberts, 1982) .
The inefficient replication and processing by RecA-mediated pathways following transformation could reflect the need to establish additional protein factors on the purified DNA before replication or RecA-mediated processing can occur. Endogenous plasmids contain a number of associated structural proteins, including histone-like factors such as Hu, Ihf, or topoisomerases that are known to impair replication of plasmids when absent (Baker et al., 1986; Biek and Cohen, 1992; Gamas et al., 1986; Hwang and Kornberg, 1992; van der Ende et al., 1985) . It is reasonable to consider that the newly introduced DNA may not replicate or be recognized efficiently by some enzymatic processes until these topologyaltering factors are established.
A key difference between this study and previous studies involving the transformation of plasmids containing DNA damage involves the inclusion of an undamaged reference plasmid to normalize for transformation frequencies between different experiments and strains. This may help clarify a number of previous studies that have reached differing conclusions when characterizing repair mechanisms on transforming DNA. Strike and Roberts initially found that plasmid survival was dependent on RecBC, but curiously, it did not depend on RecA or RecF (Roberts and Strike, 1986) . When normalized to an undamaged reference plasmid, we found that the survival of introduced plasmids containing UV-induced damage in recBC mutants was similar to wild-type cells and did not depend on RecA. A number of studies subsequent to Strike and Roberts work have shown that mutants defective in the RecBCD pathway have an impaired ability to maintain plasmids, which may account for the reduced survival that was observed in these early studies (Biek and Cohen, 1986; Niki et al., 1988; Summers and Sherratt, 1984) . Two previous studies also reached different conclusions as to whether a resident homologous plasmid enhances survival. Strike and Roberts concluded that RecA did not enhance survival of introduced plasmids even in the presence of homology (Strike and Roberts, 1982) . Curiously, they did observe a modest increase in plasmid survival that was dependent on UvrA and UvrB, but not UvrC. In contrast, Bichara et al. using plasmids containing an AAF adduct, reported that survival depended on both RecA and RecF, required the presence of homology and involved a pathway that could be coupled to lesion removal by nucleotide excision repair (Bichara et al., 2007; Bichara et al., 2009 ). The RecAand RecF-dependent survival was initially observed when using single-strand plasmids (Bichara et al., 2007) . In a subsequent study, the authors suggested that the RecA-mediated effect also occurred when using double-strand plasmids, although survival of the transforming plasmid DNA was not specifically examined in this study (Bichara et al., 2009 ). An earlier study from this group reported that RecA did not contribute to survival following introduction of double-stranded plasmids containing either UV or AAF adducts (Schmid et al., 1982) . When normalized to the reference plasmid, we did not observe any enhanced survival that was dependent on RecA or homology, consistent with the early results reported by Strike and Roberts, and Schmid et al. (Schmid et al., 1982; Strike and Roberts, 1982) . Considering the essential role for nucleotide excision repair on transforming plasmids, it is likely that both RecA and the presence of a second, homologous template plays a more important role in the survival of single-stranded plasmids than on doublestranded plasmids following introduction into the cell, which may in part explain the discrepancies between these studies (Bichara et al., 2007; Bichara et al., 2009; Roberts and Strike, 1981; Schmid et al., 1982; Strike and Roberts, 1982) . On double-stranded plasmids, a range of genetic and cellular observations suggest that arrested replication forks are processed by RecA to restore the region to a double-stranded form that can be repaired by nucleotide excision repair Courcelle et al., 1997; Courcelle et al., 2003) . However, on single-stranded plasmids, repair of the lesion following the arrest of replication would require a second homologous plasmid to provide a template that can restore the lesion-containing region to a double-stranded form, as Bichara et al. observed (Bichara et al., 2007) .
FIGURE 1. Schematic of transformation assay
A) Equal amounts of UV-damaged and untreated plasmids are mixed and used to B) transform a set of competent wild-type and mutant cells. C) The ratio of colonies formed on ampicillin plates (UV-damaged) to those formed on chloramphenicol plates (untreated) are determined for each mutant and D) normalized to the ratio observed in wild-type. A) The formation of the predominant UV-induced lesion, the cyclobutane pyrimidine dimer (CPD), increases linearly with UV dose. The presence of lesions was determined by sensitivity to T4 Endonuclease V (TEV), which cleaves DNA at sites containing CPDs converting supercoiled plasmid (SC) to a nicked open circular form (NC). These forms are differentiated by their migration pattern following agarose-gel electrophoresis (Spivak and Hanawalt, 1995) . B) The survival of UV-irradiated plasmids following transformation in recA (filled bars) and uvrA (unfilled bars) mutants is plotted relative to the survival of plasmids introduced into wild-type cells at each dose. Survival was calculated as described in Figure 1 . Plots represent an average of at least 2 independent experiments. Error bars represent standard error of the mean. C) The survival of UV-irradiated transforming plasmid is plotted relative to the survival of the mock-irradiated plasmid for wild-type (open squares), recA (open circles), uvrA (open triangles) and recA uvrA (open diamonds) at the indicated doses. The predicted (dashed line) and measured (filled squares) fraction of lesionfree plasmids in the UV-irradiated population is plotted. Measured lesion-free fractions were calculated from the amount of plasmid remaining resistant to TEV cleavage as shown in Figure 3A . Predicted lesion-free plasmids were calculated as the zero-class of plasmids using the Poisson expression. Graphs represent an average of at least 2 independent experiments. Error bars represent standard error of the mean. A) Replication-associated structural intermediates observed on endogenous plasmids containing UV-induced DNA damage are not observed on plasmids following transformation. Wild-type cells containing an endogenous plasmid pBR322 were UVirradiated with 55 J/m 2 (top) or wild-type cells were transformed with a plasmid that was UV-irradiated with 110 J/m 2 (bottom). Genomic DNA was then purified, digested with PvuII, and analyzed by two-dimensional agarose-gel analysis at the times indicated. B) Nondamaged plasmids also fail to generate replication intermediates when first introduced into cells. Wild-type cells containing an endogenous plasmid pBR322 were mock UV-irradiated (top) or wild-type cells were transformed with a plasmid that was mock UV-irradiated, and then analyzed as in (A) following a 60-min recovery period. C) On endogenous plasmids containing DNA damage, RecA-dependent structural intermediates persist and accumulate in uvrA and ruvAB mutants (top), but are not observed when UV-irradiated plasmids are introduced into these mutants (bottom). uvrA, recA, and ruvAB mutants were analyzed as described in (A) following UV irradiation of cultures containing an endogenous plasmid or following introduction with UV-irradiated plasmid, pBR322. uvrA and recA mutants were analyzed at 30 min following treatment, ruvAB mutants were analyzed 60 min following treatment. D) Migration pattern of replication-and UV-induced structural intermediates following PvuII digestion of pBR322 during two-dimensional agarose-gel analysis. Nonreplicating plasmids run as a linear 4.4-kb fragment. Normal replicating fragments form Y-shaped structures and migrate more slowly because of their larger size and nonlinear shape, forming an arc that extends out from the linear fragment. Double Y-or X-shaped molecules migrate in the cone region and are observed after UV-induced damage on endogenous plasmids. 
